I~h ave existed in past years in relation to the presence or absence of collateral channels capable of providing adequate vascular communication between the left and right coronary arteries of the heart. It is generally believed, however, that if occlusion of vessels takes place gradually, rather than suddenlv, more time and stiinulus are provided for collaterals to form or to be opened. [1] [2] [3] The experiments reported here were designed to compare the survival times following acute occlusion of a major coronary artery with those occurring after more gradual occlusion, and after gradual occlusion in association with the exhibition of a long-acting nitrate drug (pentaerythritol tetranitrate*).
I~h ave existed in past years in relation to the presence or absence of collateral channels capable of providing adequate vascular communication between the left and right coronary arteries of the heart. It is generally believed, however, that if occlusion of vessels takes place gradually, rather than suddenlv, more time and stiinulus are provided for collaterals to form or to be opened. [1] [2] [3] The experiments reported here were designed to compare the survival times following acute occlusion of a major coronary artery with those occurring after more gradual occlusion, and after gradual occlusion in association with the exhibition of a long-acting nitrate drug (pentaerythritol tetranitrate*).
The dog has been the most commonly chosen animal on which to perform experimental heart procedures. However, certain fundamental differences in coronary artery distribution exist between the dog and human beings.
After studying several different animals, we found that the pig had a coronary artery distribution closely similar to that of humans.4 Perfusion and dissection experiments in 100 hearts from pigs weighing between 20 and 35 pounds permitted the following observations:
(1) the coronary arteries arose from the root of the aorta; (2) the left coronary artery divided into a circumflex and an anterior de- Circulation, Volume XXVII, April 1963 on the posterior wall; and (4) the right coronary artery provided the principal supply to the posterior surface of the heart. It formed the posterior deseending vessel and gave rise to the posterior septal branch, which supplied the upper part of the interventricular septum, including the conduction tissue. The course of the arteries, therefore, was essentially similar to that found in 85 to 90 per cent of humans.2 In our series of dissections, there were no variations from these findings.
The right coronary artery of the pig was selected for studv, because it has no major division at the beginning of its course, and it supplies a large portion of the heart.
Materials and Methods
Pigs that weighed between 20 and 35 pounds were obtained unselected from local farmers. The method of care of the animals and the anesthetic enmployved (1.5 cc. per 5 pounds of body weight of a 6.5 per cent solution of sodium pentobarbital in distilled water, injected intrapleurally) have been reported. [5] [6] [7] [8] The right coronary artery was approached through the third right thoracic interspace with retraction of the right atrial appendage after opening of the pericardiumi. Automatic respiration was maintained with comiipressed air. The chest was closed in layvers without suturing the pericardium, and the animals were returned to their cages on a normal diet. When animals died or were sacrificed, coimiplete autopsies were performed in all cases, and the left coronary artery was perfused with a barium-sulfate suspension (Micropaque) at a pressure of 100 mm. Hg for five minutes at room temperature. Radiographs were then taken of the specimens after they were opened by a modified "unrolling" technique which retained the intraventricular septum.2 By means of this method, fine branches were filled, and no venous filling was observed. Results
Nin-ety-five pigs have beeli studied anid divided into three groups. 7IJ8MB, HARDY rigure 1
Radiograph of "unrolled" pig heart perfused vith Micropaque through the left coronary artery only, from a pig in group II which died at three and a half days. It shows no crossover into the right coronary artery.
Group I
Group I consisted of 20 pigs with complete occlusion; all died. A ligature of no. 0 silk was tied around the vessel in 12 animals, and a Kelly clamp (hemostat) was closed on the vessel in 8 animals. The point of occlusion in all cases was 5 mm. from the ostium of the right coronary artery. Death occurred in all cases within 45 minutes. After occlusion, there were no immediate ehanges, but after a period of approximately 14 to 16 minutes, eyanosis of the right ventricle was observed and irregular ventricular extrasystoles developed. These were followed, in 16 animals, bv complete heart block. Twenty to 25 minutes from the time of occlusion, dilatation of the riaht venitriele occurred and was followed bv dilatation of the left ventricle. After death, complete autopsies were performed in all cases; no preexisting disease was found in any of the animals.
Group II This group was made up of 43 pigs with 1.57-mm. constrictors. They were given no medication; 34 died and 11 survived. The constrictors used for these experiments were cvlinders 5-mm. long and 7 mm. in diameter mlade of a hygroscopic, casein-base, plastic substanee (Ameroid). They had an eccentric lumen 1.57 mlm. in diameter entered through a 1-mm. slit, and were encased in stainless steel cuffs. They were stored on stainless steel stringers of the same diameter as the lumen and sterilized by ultraviolet light, after which they were kept in airtight, moisture-proof containers until their use at operation. These precautions were taken to ensure no change in lumen size or volume due to nmoisture absorption.
Before application of the constrictors, the first part of the right coronary artery was carefully dissected so as to be completely free of all connective tissue and fat for a distance of at least 1.5 em. The constrictor was then slipped onto the vessel 5 mm. fromi its ostiumn and examlined carefully, to establish that blood was flowing along the vessel through the lunen, before the chest was closed. The constrictors, when placed in saline, absorbed fluid and, as the steel cuff prevented expansion, they slowly constricted into the central lumen.
The slit closed first, and the lumen was coinpletely closed after 48 hours. The plastic substance, although it became softer after fluid absorption, maintained the consistenev of hard rubber.
Sixteen animals died between two and five days at an average period of three and a half days. Sixteen animals died in less than 36 hours at an average period of 13.4 hours. One animal died after 8 days and one at 21 days; 11 survived to be sacrificed after 6 weeks. At autopsy, no abnormalities were found except in the heart. Complete occlusion of the artery was observed in all pigs which survived longer than 36 hours. This was demonstrated by perfusion and gross and histological examiiinations. In the animals which died before 36 hours, an estimated narrowing of 85 to 90 per cent had occurred in the arterial lumen. Small antemortem thrombi were found in 12 animals at the site of constriction.
Gross and histological examination of all these hearts revealed no gross evidence of infaretion in any case. However, in five of the surviving animals, patchy fibrosis in areas of iselhieic necrosis was founid in the interventricular septumn and in the posterior wall of artery only, showing good filling of the right coronary artery and its branches. The constrictor can be seen 5 mm. from the ostium of the right the right ventricle immediately adjacent to the interventricular septum. This damage was inferior to the region of the conduction tissue, which showed no abnormalities. Micropaque perfusions through the ostium of the left coronary artery in the 32 ainials which died within five days showed good filling of all branches of the left coronary artery, with a trickle of radiopaque material into the main right coronary artery in 26 cases, and no radiopaque material in the right coronary artery in 6 cases ( fig. 1 ). These findings compared exactly with those in a control group of 10 normal pigs, perfused through the left coronary artery in the same manner. Three of these showed no radiopaque material in the right coronary artery, while the other seven showed a slight shadow ( fig. 2 ). In contrast, the 11 animals which survived and the animals which died on the eighth and twenty-first days all showed good filling of the right coronary artery branches when perfused from the left side only ( fig. 3 ).
Group III-A
This group consisted of 20 pigs which had 1.57-mm. constrictors and pentaerythritol tetranitrate medication before and after operation; 8 died and 12 survived. In this series, exactly similar animals and operative technique were used as in group II. The animals Circulation, Volume XXVII, April 196.3 coronary artery. were given capsules containing 5 mg. of pentaerythritol tetranitrate by mouth four times daily for seven days before and after the day of operation. The dosage was based on the average weight relationship between the animals and humans. Five animals died in less than 36 hours, at an average time of 12 hours. One animal died after two and a half days. one after three days, and one after nine days. Twelve animals survived and were sacrificed at six weeks. At autopsy, no abnormalities were found except in the heart. Complete occlusion of the artery was demonstrated by perfusion and gross and histological examinations in all cases which survived for more than 36 hours. In those which died before this time, an estimated 85 to 90 per cent narrowiiig was observed. Antemortem thrombi were seen at the point of occlusion in six cases.
Gross and histological examinations of the hearts revealed infarets in three of the surviving eases and patchy isehemic hyalinization and fibrosis in four other survivors. The infarets were essentially similar in appearance and distribution in all three cases. They were confined to the upper and posterior half of the interventricular septum, and also involved the posterior wall of the right ventricle im-7LUMB, HARDY Figure 4 Radiograph of "unrolled" heart from a pig from group III-A which has been perfused with Micropaque through the left coronary artery only. It shows good filling of the right coronary artery and its branches. The constrictor can be seen 5 mm. from the oistium of the right coronary artery.
mediately adjacent to this area. The conduetion tissue was spared in each case. The patchy zones of hyalinization and fibrosis were similar to those described in group II. Micropaque perfusion through the left coronary artery in the animals which survived showed good filling of the right coronary artery and its branehes in all cases (fig. 4 ).
Group III-B
Group Ill-B was comprised of 10 pigs which had 1.57-mm. constrictors and pentaerythritol tetranitrate medication after operation; three died and seven survived. In this series, exactly similar animals an-d operation technique were used as in groups II and Ill-A. The aninmals were given the same oral dosage of pen-taerythritol tetranitrate, but the drug was first administered when the animal recovered from the anesthetic and was continued four timnes daily for seven days. Three animals died at two and a half, three, and four days, respectively. Seven animals survived and were sacrificed after six weeks. Two animals died at four and six hours and were, therefore, discarded from the group, as it was not possible to administer the first dose of pentaerythritol tetranitrate. At autopsy, no abnormalities were found, except in the hearts. Complete occlusion of the vessels was deimonstrated by perfusion and gross and histological examiiations in all cases. Anteimnortenm thrombi were seen at the point of occlusioni in two eases. Gross and histological examinations of the hearts showed infarets essentially similar to those described in group III-A in two of the surviving cases and patchy isehemic fibrosis and hyalinization in one other.
Mieropaque perfusions through the left coronary artery in the animals which survived all showed good filling of the right coronary artery and its branches. The appearances were essentially similar to those found in the animals which survived in group III-A.
Discussion
These results show that acute occlusioni of the right coronary artery 5 mM. from its ostium caused death, in pigs, within 45 minutes in all cases. When a constrictor which takes 48 hours to close completely in saline was applied in the same position, 11 of 45 animals survived. In a group which received pentaerythritol tetranitrate in 5-mg. doses orally four times a day, either for seven days before anid after application of the constrictor or for seven days postoperatively, there were 19 survivors out of 30 animals. It seems reasonable to assume that those survivals in groups II and III were due to the developmnent of adequate collateral channels.10 As there was a significant differeniee between the two groups,@ the results indicate that pentaerythritol tetranitrate had improved survival by aiding the collateral circulation.
When the animals died shortly after constrictors were applied, no increase of flow above normal from the left to the right coronary artery could be demonstrated by Micropaque perfusions. In all the cases which survived, numerous collateral communicationis between the left and right coronary arteries were demonstrated. It is tempting to assuime the pre-existence of collateral channels in these cases. The radiographs of the hearts of the 19 animals which survived following pentaerythritol tetranitrate medication (groups P = <0.01.
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Ill-A and III-B) showed an apparent increase of collateral channels when compared with those from the survivors in group II (figs. 2 and 3). The question arises of whether or not pentaerythritol tetranitrate would be effective in aiding the development of collateral channels in the absence of the stimulus of constriction. This problem is presently being studied.
The site of the infarets, seen on gross and histological examination of the hearts at autopsy, was not apparent on careful examination of the radiographs. In view of the great vascularity of the infarets when seen histologically, an explanation for this must be sought.
It should be noted that the appearances seen in Micropaque-perfused hearts of normal pigs compare very closely with those seen in young human adults who have died with no evidence of heart disease. Summary Studies of survival following ligation and gradual occlusion of the right coronary artery 5 mm. from its ostium have been made in 95 pigs. The pig was selected for the experiments because its coronary artery distribution closely resembles that of the human.
Gradual occlusion was produced by constrictors made of a hygroscopic plastic. Survival following gradual occlusion is considered to be due to the development of collateral circulation.
Comparisons of survival have been made in untreated animals and in animals treated with an orally administered, long-acting nitrate (pentaerythritol tetranitrate). Increased survival in the animals which received medication is thought to be due to the drug's acting as an aid to collateral circulation.
